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BACKGROUND:  Hydrogen is a clean, versatile fuel and energy carrier which can be produced by a range 
of renewable technologies for combustion, use in fuel cells, or as a manufacturing feedstock. Despite its 
attraction and significant technological innovation, commercial feasibility of photobiological hydrogen 
processes is far from demonstrated.  OBJECTIVE: This review examines direct photobiological biohydrogen 
systems, with a particular focus on the main obstacles that must be overcome to deliver commercially viable, net energy 
positive systems.  As part of this process the interactions between future photobiological biohydrogen systems and other parts 
of a renewable energy economy are examined to analyse potential technology integration paths.  RESULTS: The primary 
driver for renewably produced hydrogen is the potential for CO2 emissions reductions.  Renewable hydrogen is largely solar 
driven, either directly (e.g. natural photosynthesis, or bio-inspired devices) or indirectly (e.g. fermentation, electrical 
hydrolysis).  A significant market for hydrogen already exists and is supported by extensive infrastructure providing 
significant opportunities for emerging renewable hydrogen streams.  Several key physiological obstacles to efficient 
photobiohydrogen production have already been overcome, with oxygen tolerance as the most significant remaining problem.  
CONCLUSIONS: A much deeper understanding of photosynthetic biology is required before existing knowledge can be 
integrated with real world systems.  Cross-fertilisation between engineering and biology represents the best path forward for 
implementation as a robust biotechnology. 
 
Keywords: Photosynthesis, Photosystem, electron transport, hydrogen, hydrogenase, oxygen, renewable energy, EROEI 
1. INTRODUCTION 
 The concept of a "hydrogen economy" can be symbolised 
by a clean quiet vehicle producing pure water as its only 
exhaust; the possibility that this hydrogen could be produced 
naturally by photosynthesis adds additional appeal.  Because 
some algae can indeed make hydrogen through 
photosynthesis, a powerful motivation exists for trying to 
transform this attractive scenario into reality.  In this 
perspective we provide both overview and opinion regarding 
the state of the field and its future, and briefly review 
relevant research topics where necessary. 
Understanding the photosynthetic physiology which enables 
algae to synthesise hydrogen is a research topic of 
importance in its own right, but an urgent practical question 
is whether algal biohydrogen has a realistic chance of 
becoming an actual energy technology.  Because proof of 
principle already exists for algal photobiological hydrogen 
production, the question revolves primarily around two 
critical factors – can the technology really be a net energy 
producer? And is there a prospect that this process could 
ever be economically competitive compared to other sources 
of biofuels?  In the face of the apparently modest successes 
to date and the ongoing existence of key obstacles, some 
scepticism is justified.  Sakurai et al. [1] examine published 
economic case studies for cyanobacteria which demonstrate 
that with a current photon conversion efficiency (PCE) of 
~0.2% no existing system represents a feasible approach to 
stand-alone production of hydrogen as a biofuel, while 
similar considerations apply to chlorophyte-derived 
hydrogen (PCE~0.3%) [2, 3]. While this situation is well 
understood in the field, these difficult problems are not 
necessarily insoluble, it is simply the case that they are not 
soluble by a single breakthrough, as once hoped, but rather 
are intrinsically linked to a gradually unfolding knowledge 
of photosynthetic metabolism in general, as well as 
engineering advances. 
Several recent reviews have focused on the specific research 
questions relevant to improving photocatalytic hydrogen 
production within chlorophyte algae, especially within the 
model organism Chlamydomonas reinhardtii [4-13].  The 
aim of this field is primarily to understand and engineer 
molecular and physiological mechanisms, especially 
photosynthetic electron transport, to improve PCE based on 
a model system of the physiological process.  In this review, 
we take a wider view to examine the pros and cons of algal 
biohydrogen within the broad context of algal renewable 
energy systems.  Some discussion is provided concerning the 
ways in which the early, arguably simplistic, vision for the 
technology has become more diverse and sophisticated.  The 
focus, however, remains centred on the direct photosynthetic 
generation of hydrogen using components of the 
photosynthetic electron transport chain in cells. 
Photosynthetic electron transport is not, of course, the only 
route to photobiohydrogen production; the generation of 
hydrogen via completely synthetic chemistry [14] or via 
fermentative processes [15-17] are each important research 
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topics.  These technologies are not discussed in this review 
simply because they involve completely different 
considerations in terms of technological approach and 
economics.  For example, although systems based on the 
fermentation of algal biomass may rightly be considered 
"algal biohydrogen", the engineering approaches to algal 
fermentation are more akin to other fermentation systems 
and in contrast to photosynthetic biohydrogen production, 
represent a chemical energy conversion technology. 
1.1. Why biohydrogen? 
Several successful forms of renewable energy already 
exist as mature technologies.  Hydroelectric schemes are the 
oldest and most mature, with a global energy output which 
has increased ~3% yr-1 for the past 50 years despite their 
reliance on suitable locations [18, 19].  Though small as a 
percentage of global energy consumption, deployment of 
wind (0.8%) and solar photovoltaic (PV)/thermal (0.1%) 
energy are now mature engineering technologies and have 
increased ~15-fold and 30-fold respectively from 2000 to 
2010 [18, 19].  However nearly all renewables (and also 
nuclear) produce electricity which only accounts, in 
aggregate, for about 20% of global energy consumption [18-
20].  The problem of energy storage at high density, so 
effectively illustrated by conventional chemical fuels, has 
not yet been solved for electricity despite recent 
improvements in battery design [21].  In addition to high 
energy density on a weight basis which makes them portable, 
chemical fuels can produce both thermal (combustion) and 
electrical (fuel cell) energy on demand.  This is a key 
attribute for both temporal load balancing and for transport 
which requires that fuel be carried as part of the load of the 
vehicle. 
While the fuel problem may be ameliorated with 
improved battery technology, for the foreseeable future the 
low energy density of batteries and technical obstacles (e.g. 
scarcity of key elements) are stumbling blocks for scale-up 
to the general electrification of transport, apart from small 
vehicles with limited range such as domestic cars; and even 
here it accounts for the success of hybrid vehicles which are 
not solely dependent on electricity. 
Similarly, the conversion of electricity (itself a refined 
energy source) into chemical fuels is generally inefficient 
compared to using those fuels directly.  Finally, the inability 
to predict the twists and turns of technology, and the vast and 
complex global socio-political framework surrounding 
energy utilisation and economics means that it is difficult to 
make predictions based only on scientific or engineering 
considerations about which technologies will be viable or 
widely utilised in the future.  For example, bioethanol is 
largely produced through fermentation of starches from food 
crops [22] and biodiesel from seed oils.  These two 
commodities are underpinned by sociopolitical rather than 
engineering rationales and account for ~90% of the current 
biofuel market [22].  This situation may change but when 
and how is not reliant on technological issues per se. 
Against this backdrop, it can be difficult to assess what 
technologies are realistic contenders in the long term.  Some 
guidance is provided by considerations of physics, chemistry 
and biology, especially thermodynamics, as to what 
obstacles must be surmounted before a technology such as 
photobiological hydrogen can be considered to be a viable 
option.  A strength of algae-based biofuel technology is that 
scalability to globally significant levels is a possibility, 
compared to other plant-based biofuels [20] though global 
scale is not, of course, required for the successful marketing 
of a biofuel.  When considering whether algal biohydrogen is 
worth pursuing in the face of other, apparently nearer-market 
approaches such as algae biodiesel, hydrothermal 
liquefaction-based oil production from algal biomass [16, 
23-25] or the production of gases such as isoprene [26], it is 
important to note that all approaches still require significant 
improvements.  As the timing of the necessary advances 
cannot be predicted, there is no reliable way to identify 
which may eventually prove superior; there are only 
opinions about the likelihood of success of a particular 
option, to which researchers, granting agencies and investors 
are, of course, entitled. 
What can help, however, is a clear-sighted understanding 
of what the current, often overlapping, obstacles are for each 
technology so that research efforts may focus on whether 
(and how) these obstacles can be overcome. 
Hydrogen has several appealing features when compared 
to carbon-based chemical fuels.  These include a high energy 
density (higher heating value: 142 MJ/kg; lower heating 
value: 120 MJ/kg [27]) which will be helped by safe, low 
volume safe storage methods, clean combustion (allowing 
centralisation and effective capture of whatever CO2 
emissions are produced) and the fact that hydrogen provides 
a versatile energy currency, thereby acting as a chemical 
storage option for other renewable energy systems as well as 
algae.  Solar PV, wind, hydroelectric, nuclear, and artificial 
solar-H2 cells all share the ability to generate hydrogen (e.g. 
electrolytically) while both fuel cells and combustion are 
options for its efficient utilisation, to produce electricity and 
thermal power. 
In competition with this approach are the biotechnologies 
that seek to generate "drop in" carbon-based fuels which can 
utilise the existing global infrastructure developed for 
petroleum liquid fuels and natural gas.  These include 
biodiesel and hydrocarbon fuels from a variety of plant 
based sources including grasses and other crops (cellulosic 
and seed oils); for reviews see [4, 16, 28].  These utilise well 
understood, already optimised technological approaches and 
are focused on near term replacement of existing petroleum, 
whereas hydrogen technologies are likely to require 
considerably more research and development.  The 
disadvantage of this secure technological foundation for 
fuels such as biodiesel is the difficulty in making dramatic 
improvements in, for example, gross biodiesel production 
from raceway ponds or seed oils.  
1.2. Key challenges for biohydrogen 
 Three key challenges for this technology are net energy 
balance, low carbon emissions and economic viability. 
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The pros and cons of hydrogen as a transport fuel have been 
widely debated (e.g. [1, 17]) and will not be re-examined 
here.  Those arguments generally encompass the safe 
handling and storage of hydrogen, and the lack of an existing 
distribution network for passenger vehicles.  Suffice to say 
that apart from vehicular transport, fossil fuel-derived 
hydrogen already has a broad global market with many 
industrial applications and many industries see value in 
renewable H2.  The means also exist to broaden these 
markets if competitively priced renewable hydrogen 
becomes available.  Debates about the extent to which 
hydrogen will displace other fuels, power global transport 
and be a universal energy currency are interesting but 
premature.  The existence of an established hydrogen market 
is already a sufficient basis for trying to develop renewable 
biological hydrogen, even if dreams of hydrogen as a 
universal global fuel are not realised. 
1.3. Carbon emissions drive renewable hydrogen 
A consideration of hydrogen as a renewable energy 
technology is inseparable from the issue of carbon emissions 
[28].  It is assumed here that the need for global reductions 
in carbon emissions is accepted as a goal for which it is 
worth striving.  Since fossil fuels readily produce 
inexpensive hydrogen, as long as CO2 emissions are not 
considered, the fossil fuel route will be the lowest cost and 
most easily scalable option far into the future.  Only the 
prospect of low carbon emissions, and to a lesser extent the 
renewable nature of biohydrogen, are adequate justifications 
for attempting to commercialise a far more complex 
technology than that required for fossil fuel derived 
hydrogen.  This requirement that biohydrogen be a low 
carbon technology is therefore the first criterion for success.  
The upside is that if fossil fuels are the benchmark, even a 
slight reduction of carbon intensity is all that is required to 
have a point of difference between fossil and renewable 
hydrogen, but the closer a technology is to full carbon 
neutrality the more appealing it will be. 
1.4. EROEI is a critical parameter 
Second, to be rationally justified, the most critical parameter 
for reneweable hydrogen is energy return on energy invested 
(EROEI) which needs to be at least 3:1 in order for the 
technology to be self sustaining at a global level [29-31] and 
4-6:1 to be sufficiently robust to be widely applied.  At 
present, indications are that conventional biofuels from crop 
plants fail to exceed even this minimal 3:1 requirement [32, 
33].  To date, neither do algal biofuel systems, but in contrast 
to conventional biofuels there is reason to be optimistic since 
several known inefficiencies in research-based algal systems 
provide room for improvement and are discussed below.   
For the development phase EROEI is less important, but it is 
desirable that the net energy balance at least be positive, with 
the prospect of improved gains towards 4-6:1 in the future 
[34]. 
1.5. Economics is a key, but not insurmountable, barrier 
 Finally, the question of economic sustainability needs to be 
addressed.  Whereas carbon emissions and EROEI are 
technical matters of fact, easily measurable though relatively 
difficult to alter, economic viability cannot be calculated by 
reference to physical realities alone.  Economic value is a 
constructed reality subject to social and political factors, 
some of which are stable, such as labour and material costs, 
and others which change dramatically over relatively short 
times and vary between locations.  Political value may also 
substitute for traditional economic indicators, as seen with 
subsidies [1] and statutory decisions which even today 
support fossil fuel extraction.  
 Consequently it is a mistake to think that algal 
biohydrogen competes directly with fossil fuels for the same 
market niche; rather it competes with other biofuels, 
ultimately against the few which are genuinely sustainable, 
but also against those which - for the time being - hold out 
the illusion of sustainability at scale, such as corn ethanol 
and seed oils.  According to this view, given that there are no 
actual viable commercial algal biofuels systems in the 
market currently, new algal biohydrogen systems should 
have a relatively low economic hurdle to meet.  The main 
difficulty at present is that the actual market for genuinely 
renewable, low-carbon, EROEI-positive, environmentally 
benign biofuels is small and the premium payable by global 
society for a sustainable fuel is quite limited at present.  It 
must therefore be assumed that this market will eventually 
grow, which will primarily be determined politically.  
1.6. The hydrogen ecology 
 Having stated these key goals for the algal biohydrogen 
field, it is strongly emphasised that it is not necessary for 
specific early commercial algal biohydrogen systems to 
actually meet all of these requirements.  The fact that 
economics can be significantly disconnected from 
considerations of EROEI and to a lesser extent from carbon 
emissions (via the option of coproduction of economically 
valuable byproducts, for example) means that an integrated 
algal biotechnology system, where biohydrogen is simply 
one output of a biorefinery process, could be commercially 
successful even before the technical goals are met.  
Conversely, a politically influential technology does not 
need to have a strong economic case (at least in the 
beginning).  What is needed is sufficient profitability to spur 
the development of supportive infrastructure and 
technologies.  It is anticipated that multiple, parallel 
approaches which incorporate photobiological hydrogen as 
part of a process or product will generate an "ecosystem" of 
biohydrogen applications that will cross-fertilise, to the 
benefit of the industry as a whole.   
It is taken for granted then, that this technology holds out 
hope of success on the condition that it can be seen, in 
aggregate, to be making progress towards favourable 
EROEI, low carbon emissions and improving economies of 
scale.  What would be fatal to this technology would be a 
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clear demonstration that the goals are thermodynamically or 
energetically infeasible, or limited to insignificance by scale.  
This does not at present seem to be the case [10]. 
1.7. Alternatives to biohydrogen as a combustable fuel 
 The next question to consider is whether photobiological 
hydrogen is lagging behind other renewable chemical fuel 
options.  Given the stringent criteria outlined above, there 
are relatively few biofuel alternatives which provide a 
comparable approach to algal biohydrogen.  For example, 
technoeconomic studies suggest that biodiesel is not, on its 
own, a viable renewable fuel source at present [35].   
Options may include artificial photosynthesis [14] and 
biomass-based HTL or gasification [23, 36-38] but none can 
yet claim proof of superiority and all continue to face hurdles 
before commercial viability is proven. 
We note again, however, that it is not necessary for a 
technology to singlehandledly solve all global energy 
problems for it to have a worthy and respected role in 
specific applications.  Hydroelectric power, for instance, is 
extremely limited in its geographical application, but in the 
right circumstances, can be a relatively clean and sustainable 
technology.  Similarly, solar PV cannot be effective in some 
parts of the world.  Consequently, it is most important not to 
look at different algal approaches as competitors in a zero 
sum game.  Not only do particular approaches have niche 
applications, but real world technologies are complex and 
integrated.  Algal technologies will, if they mature, be 
similar.  While some enterprises will use a single process, 
others may incorporate several interlocking strategies for 
synergistic gains in a particular economic or technological 
context.  To some degree this may be encompassed by 
"biorefinery" models [39] but even without a complex array 
of product streams, several process streams may be used. 
Finally, innovations developed for specific "non-biofuel" 
algae applications such as the generation of high value 
products (HVP) will no doubt contribute to the need for 
innovation right across the industry, including biofuel 
applications.  As a result, we anticipate that biohydrogen and 
other algal research streams will cross-fertilise, as noted 
above. 
1.8. Biohydrogen as embodied energy 
 It may also be naïve to view the production of a 
combustible fuel as the best use of an advanced technology.  
Pure, low carbon-emission biohydrogen has value in its own 
right as a clean chemical stream; if it sufficiently displaces 
fossil fuels, hydrogenation as a part of industrial scale 
chemical synthesis may be a more efficient use for 
biohydrogen energy than combustion in vehicles, while 
simultaneously solving the problem of hydrogen storage and 
distribution.  The raw energy that goes into the manufacture 
of sophisticated chemicals from basic building blocks is a 
substantial and sometimes inefficient use of fossil reserves.  
This inefficiency may be reduced by the use of renewable 
hydrogen, including photobiosynthetic hydrogen.  When it is 
considered that algae also have potential for generating pure, 
complex chemicals, the use of biohydrogen in advanced 
syntheses has further appeal, and would be worth exploring 
in technoeconomic modelling.  Even if the scale of algal 
bioproducts as an energy saving technology was limited, it 
might be a best "first use" approach. 
1.9. Algal biotechnology valuable in its own right 
Finally, even without fuel co-products, the use of algae as a 
biotechnology platform for making specialty chemicals and 
therapeutics is a noble enterprise in its own right, making 
research in this area a worthwhile investment.  Even if no 
energy technology eventually derives from algal 
photobiohydrogen research, a successful green chemistry 
platform would be a great gift to the world and would 
contribute to the overall success and expansion of the 
industry.  Examples of "embodied chemical energy" include 
both natural products already produced by algae 
(dinoflagellate biotoxins [40] carotenoids, isoprenoids[26], 
secondary metabolites [39]) and engineered pathways such 
as the production of terpenoids [41].  
2.0. RESEARCH CHALLENGES IN ALGAL 
PHOTOSYNTHETIC BIOLOGY 
 The issues outlined above make it difficult to predict 
exactly how algal biohydrogen might eventually find 
commercial applicability; while the economic obstacles 
based on technoeconomic analyses to date appear daunting, 
it is unlikely that simple, one-product systems will be the 
dominant applications and it is quite possible that the most 
profitable products and production systems have not yet been 
imagined.  However, even with sophisticated or novel 
applications, success will be contingent on eventually 
solving the remaining fundamental technical challenges of 
photosynthetic biohydrogen.  
2.1. Photosynthetic biohydrogen is limited by a lack of 
basic knowledge 
Perhaps not surprisingly, photosynthetic physiology and 
regulation has been found to be more complex than was 
supposed 15 years ago.  Even in plants, considerable work 
remains to understand photosynthesis as a functioning 
system.  It is likely that manipulation of photosynthesis for 
the efficient production of photosynthetic biohydrogen will 
necessarily trail the development of a more sophisticated 
understanding of photosynthesis.  It is therefore desirable to 
continue exploring many options for biohydrogen as a 
renewable energy technology, and to maintain a cautious 
optimism about its potential.  
As noted above, the biochemistry of photobiochemical 
hydrogen production has been well reviewed in recent years 
and is not reiterated here.  We therefore provide only a basic 
overview of this area and focus instead on the key stumbling 
blocks and their potential for the overall viability of the 
technology.  While most of this physiology has been studied 
in the chlorophyte alga Chlamydomonas reinhardtii, other 
species are also known to produce hydrogen and is assumed 
that much of the physiology is common to all H2-producing 
algae which possess Fe-Fe hydrogenases, including 
Tetraselmis [42], lichens [43], Chlorella [44], Micractinium 
sp., Coelastrella sp., and Monoraphidium [45]. 
2.2. Photocatalytic production of hydrogen 
 The photosynthetic production of hydrogen employs the 
photosynthetic water splitting system (Fig. 1) as a 
photocatalyst for the generation of hydrogen and oxygen.  
The photosynthetic machinery is located in a directional 
orientation within the thylakoid membranes of the 
Prospects for Photobiological Hydrogen Current Biotechnology, 2016, Vol. 5            5 
 
*Address correspondence to this author at the Institute for Molecular Bioscience, The University of Queensland, 306 Carmody Rd, St Lucia, Queensland 
Australia; Tel/Fax: +61-7-3364-2010, +61-7-3364-2100; E-mails: i.ross@imb.uq.edu.au 
	
chloroplast, consisting of sealed membrane compartments 
each enclosing an internal space (the lumen) which is 
thereby physically separated from the outer chloroplast space 
(stroma).  The machinery consists of populations of two 
types of large light absorbing complexes, Photosystem I 
(PSI) and Photosystem II (PSII) with their associated light 
harvesting complexes (LHCI and LHCII respectively), as 
well as populations of cytochrome b6f, ATP synthases and 
several types of small proteins and organic molecules which 
carry H+ and e-.  These complexes pass electrons between 
them to form a series of redox reactions known as an 
electron transport chain (ETC).  This is similar to the 
electron transport chain in the mitochondrion (which 
consumes rather than produces oxygen, for the oxidation 
rather than the generation of carbon substrates).  
Figure 1: Photobiohydrogen production via the Chlamydomonas reinhardtii 
photosynthetic electron transport chain.  Schematic diagram of a section of thylakoid 
membrane (stroma above, lumen below) with embedded photosnthetic complexes 
Photosystem I (PSI) with LHCI Light Harvesting Complexes; Photosystem II (PSII) 
with LHCII Light Harvesting Complexes; and Cytochrome b6f).  Electrons from water 
are removed by the Oxygen Evolving Complex (OEC) and provided to PSII.  Light 
absorbed by the LHCs is channelled to the reaction centre and used for charge 
separation (grey arrows) leading to electron donation to (for PSII) plastoquinone (PQ) 
or (for PSI) ferredoxin (Fd).  Black arrows show linear electron transfer reactions from 
water through to hydrogen.  Blue dashed arrow indicates reinjection of electrons during 
Cyclic Electron Flow (CEF).  Red arrows show normal physiological electron transfer 
via Ferredoxin NADPH Reductase (FNR) through to NADPH and subsequent 
biological reductions (Calvin Benson cycle, N and S reduction).  PC: plastocyanin; 
HYD: Hydrogenase.  
2.3. Photosynthetic electron transport 
Photons are absorbed by the chlorophyll-containing light 
harvesting complexes (LHCII) attached to photosystem II 
(PSII; P680) and the absorbed energy funnels towards a pair 
of chlorophylls (the "special pair") in the central 
photosystem, exciting an electron (P680!P680*).  The excited 
electron then migrates to a pheophytin (a chlorophyll which 
lacks magnesium) cofactor, resulting in a photolytic charge 
separation (i.e. P680+Pheo-). This lost electron is replaced in 
the PSII core by electrons abstracted from water during a 
redox cycle (the Kok cycle) in the PSII-associated oxygen 
evolving complex (OEC) which is located on the luminal 
side of PSII and consists of the Mn4CaO5 cluster and the 33 
kDa, 23 kDa and 17 kDa extrinsic proteins [46].  Following 
the stepwise removal of four electrons, one molecule of O2 
and four protons are produced in the thylakoid lumen.  The 
electron on pheophytin in PSII is then transferred to a small 
membrane-soluble molecule, plastoquinone (PQ), enabling it 
to enter the electron transport chain and ultimately (after a 
further photon absorption step by PSI) to the small stromal 
electron carrier protein ferredoxin (Fd).  In the usual 
physiological situation, ferredoxin passes electrons to the 
enzyme FNR (ferredoxin nucleotide reductase) and thence to 
other electron acceptors, particularly NADP+, forming the 
reductant (NADPH) needed to fix CO2 in the Calvin-Benson 
cycle.  When the Fe-Fe hydrogenase HYDA is expressed, 
electrons can instead be routed from ferredoxin to form H2 
[47].  The physiological role of hydrogenase is still not well 
understood [12, 48, 49] but phylogenetic evidence suggests 
that the algal HYDA H-cluster domains share a common 
origin, evolving from a single ancestral F-cluster HYDA 
[48].  Presumably it is involved in fermentative metabolism 
[50] and may provide a survival mechanism under 
illuminated anaerobic conditions [51]. 
2.4. Hydrogenases 
In chlorophyte algae and some cyanobacteria, hydrogenase is 
expressed under anaerobic but illuminated conditions, and 
can draw off electrons from ferredoxin to form molecular 
hydrogen (biohydrogen, H2) which being a gas, escapes from 
the cell.  In the case of heterocyst-forming cyanobacteria, 
sugars synthesised by the vegetative cells are imported into 
heterocysts which reoxidise them to produce NADPH.  This 
provides the source of electrons used by PSI to reduce 
ferredoxin.  In turn, ferredoxin feeds electrons to the 
nitrogenase which produces H2 as a by-product of N2 
reduction (for reviews, see [1, 13, 28]).  Clearly the water-to-
hydrogen route is intrinsically more efficient, with maximum 
theoretical PCE estimated at 13.4% [52]; however the losses 
in efficiency due to the practical implementation of a 
technology can be more important than the theoretical 
maximum. 
Unlike photosynthesis proper, which fixes CO2 into biomass, 
the rest of the electron transport chain is not strictly needed 
for biohydrogen production.  In theory, only PSII is required; 
using photon absorption as a pump, electrons could be 
extracted from water, energised by PSII, and recombined 
with protons via the hydrogenase to make hydrogen.  By 
definition, the hydrogen redox couple sits at Eo = 0.0 V 
(standard hydrogen electrode).  Since PSII elevates an 
electron to Eo~0.5V, in theory the hydrogenase could accept 
electrons from PSII and produce H2 directly.  In practice, the 
quinone acceptors to which PSII passes its excited electrons 
are around the same electrode potential, so a further photon 
absorption (e.g. by PSI) is required, as represented by the 
iconic Z-scheme [53], resulting in transfer of an electron to 
ferredoxin at E0=-1.2 V.  This is not to say that with 
appropriate engineering a hybrid biochemical system could 
not be designed – using absorption of long wavelength 
photons as an additional step for example – that might utilise 
only PSII as the key energy harvesting step for biohydrogen 
production.  Similarly it might be possible to transfer 
electrons directly from PSII to PSI.  However, such 
approaches are likely to be difficult and most research into 
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photosynthetic biohydrogen production has utilised the 
existing biological infrastructure including PSI.  With semi-
synthetic systems or with genetic modification, it is possible 
that an alternate electron donor could be utilised which 
would require only PSI and hydrogenase. 
2.5. ATP production exerts a load on electron flow 
Chloroplast electron transport is coupled to the pumping of 
protons across the thylakoid membrane, which generates a 
substantial electrochemical potential (proton motive force; 
PMF).  This is used to produce ATP, via the return flow of 
protons through the membrane-embedded ATPase (not 
shown in Fig. 1), again similar to the generation of ATP in 
the mitochondrion.  This requirement imposes a significant 
load on the electron transport chain and slows the passage of 
electrons even when excess light is present.  This can result 
in damaging over-reduction of the photosystems, producing 
photodamage including oxygen free radical production.  
Consequently a set of complex regulatory mechanisms, 
probably including hydrogen production [51], exist to 
manage the balance between the variable needs for ATP and 
reductant, thereby minimising damage to the photosystems 
[54].  These mechanisms are still not fully understood, but 
are thought to involve a preference for ensuring that 
photodamage occurs at PSII (for which rapid repair 
mechanisms exist) rather than PSI [55, 56], and a mechanism 
known as non-photochemical quenching (NPQ) at least 
partly via the induction of proteins such as LHCSR3 which 
shed excess excitation energy to protect against photo-
damage [54, 57].  State transitions, whereby LHCII proteins 
disconnect from PSII and attach to PSI (thereby shifting the 
balance of light absorption between the photosystems) and 
acclimation (involving transcriptional regulation of the 
synthesis of photosynthetic complexes especially LHCIIs) 
are also used in algal photoadaptive responses [58]. 
2.6. CEF diverts electrons from hydrogenase 
 Another key mechanism in regulating electron flow is cyclic 
electron flow (CEF), which reinjects electrons from 
ferredoxin into the electron transport chain at the cytochrome 
b6f complex.  This eliminates the net production of reductant 
(NADPH) while maintaining the proton pumping activity of 
the electron transport chain, and thus shifts the balance 
between ATP and NADPH synthesis.  Since it also appears 
that other regulatory mechanisms including NPQ and 
thylakoid ion channels depend on the maintenance of PMF, 
it is unlikely that PMF is used solely for ATP production, so 
that complete elimination of CEF may be detrimental.  
Nevertheless it is clear that preventing the build up of PMF 
is a key step in allowing maximal linear electron flow along 
the ETC and hence maximum production of hydrogen.  
Experiments using thylakoid membrane uncoupling agents, 
and mutants (pgrl1; pgr5) deficient in CEF suggest that 
dissipation of the trans-thylakoid PMF accelerates electron 
flow and hence hydrogen production [59].   
Since ATP is not required for biohydrogen production, and 
represents a relatively small fraction of the total photon 
energy harvested by the cell, the loss of ATP production 
entailed in uncoupling the PMF is insignificant during 
hydrogen production, though clearly normal cell physiology 
will be greatly affected by it in the longer term.  This is one 
of several reasons why hydrogen output in commercial 
systems will likely be pulsed rather than continuous. 
The very brief summary above illustrates the complexity of 
photosynthetic regulation and why progress in biohydrogen 
production has been slower than expected.  Nevertheless, 
significant advances have been made over the last decade in 
our understanding of the conditions required for optimal 
hydrogen production, even though these have not yet been 
assembled in an optimal way. 
2.7. Research challenges in photocatalyst physiology 
 The key steps in the photosynthetic H2 production and 
the engineering "barriers" that need to be overcome to 
maximise the efficiency of the process are briefly 
summarised below (explored in more detail by Dubini and 
Ghirardi [5]).  
2.7.1.Oxygen toxicity 
 Hydrogenase gene expression and protein function is 
inhibited by oxygen (generated by the process of water 
splitting) at levels as low as 0.1% [47].  The hydrogenases 
HYDA1 and HYDA2 are only induced in the absence of 
oxygen, probably reflecting a physiological role whereby 
hydrogen is used in vivo as a reductant under anaerobic 
conditions.  More importantly, the enzymes themselves are 
rapidly inactivated by oxygen, which is fatal to ongoing 
hydrogen production under normal circumstances.  The S 
deprivation protocol introduced by Melis et al. [60] was a 
major breakthrough for research in this field because it 
limited net oxygen production and enabled anaerobiosis to 
be maintained and hydrogen production to be studied. 
2.7.2.PMF limitation of linear electron flow 
 As noted, the role of proton motive force (PMF) in 
limiting linear electron flow also limits the rate of H2 
production.  An understanding of the relevant mechanisms 
regulating and dependent upon PMF (especially CEF) is 
essential for understanding when and how to uncouple PMF 
for maximising H2 production without simultaneously 
creating photodamage.   
2.7.3. Antenna upregulation 
 Light penetration into algal cultures is limited by the 
regulation of the strongly absorbing antenna proteins, 
especially LHCII.  Under the high light conditions 
anticipated for hydrogen bioreactors, dense cultures ideally 
require a specific low LHC phenotype to minimise 
photodamage and to avoid shading cells below them, but in 
actual practice, dense cultures result in upregulation of 
LHCII expression [61].  It has been shown that a reduced 
antenna size improves H2 yield [62, 63], though this may 
also be due to the fact that antenna downregulation reduces 
energy dissipative mechanisms such as NPQ [61].  Ongoing 
work is attempting to identify the mechanisms of energy 
dissipation and photoprotection to control this parameter.   
2.7.4. Electron competition 
 Electrons produced at PSI are subject to drawdown by 
several pathways that compete with transfer to the 
hydrogenase.  One approach is to disable CO2 fixation (e.g. 
Rubisco knockouts [64, 65]) while other approaches such as 
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fusion of protein partners (to constrict electron flow [66]) 
and down-regulation of FNR [67] are also promising. 
In addition, Dubini and Ghirardi [5] identify a lack of tools 
for the specific manipulation of gene regulation and protein 
engineering in algae, which results from a very limited 
understanding of gene regulation in algae such as the 
chlorophytes.  Despite the advent of mass sequencing and 
"omic" techniques, knowledge of chlorophyte gene 
regulation is approximately where human and mouse gene 
regulation was in the mid 1980s.  The advent of an eagerly 
awaited library of specific Chlamydomonas knockout 
mutants is expected to greatly advance algal genetics and 
photosynthetic physiology, but for facile gene engineering 
CRISPR-based gene editing techniques are also required.  
Ironically, a lack of understanding of Chlamydomonas 
genetics is hampering the implementation of this technology 
[68], however a recent patent application (US 
20140220638A1) suggests successful gene editing has been 
achieved in Nannochloropsis at least. 
2.8. Approaches to the oxygen problem 
 In reality, many of the barriers described above have 
already been breached, despite incomplete understanding.  
The in-principle demonstration of the effects of PMF 
uncoupling, antenna downregulation and the re-routing of 
electrons towards the hydrogenase (albeit only in vitro to 
date) show that all of these mechanisms are viable ways to 
maximise hydrogen production and while much remains to 
be learned, it is almost certain that, particularly with 
advanced gene editing techniques, the implementation of 
these approaches into a specific high-hydrogen producing 
strain could be developed fairly rapidly. 
In contrast, the impact of oxygen production by PSII has 
remained intractable.  The key reaction for photosynthetic 
biohydrogen production is: 
 
2H2O → 2H2 + O2 
 
The generation of stoichiometric amounts of oxygen is 
therefore an intrinsic part of the biohydrogen production 
process, and in our opinion remains a key stumbling block of 
the technology, because in a biological context, hydrogen is 
only produced under anaerobic conditions.  To date, 
temporal or physical separation of the processes of hydrogen 
and oxygen generation (as seen in cyanobacterial heterocysts 
or during hydrogen formation in the dark) are dependent on 
carbohydrate as an intermediate chemical step.  
Continuous hydrogen evolution produced by the sulphur 
deprivation protocol of Melis et al. [60] results - in part - 
from damage to the D1 protein of PSII, reducing the amount 
of oxygen so that respiration drives the system to 
anaerobiosis. While the S deprivation protocol provides a 
practical way to produce hydrogen continuously, it depends 
upon continuous consumption within the mitochondria of the 
oxygen which is generated during hydrogen production, in 
order to keep the system anaerobic.  Chlamydomonas strains 
with higher respiration rates such as Stm6 [52] produce more 
rapid anaerobiosis and tolerate less PSII damage, but it 
should be borne in mind that ideally, maximum hydrogen 
production will result from maximal, not depleted, PSII 
activity.  Since in current practice this oxygen is typically 
used to oxidise carbon-based substrates to CO2 (usually 
acetate) the oxygen problem is simply displaced.  Even when 
such acetate or carbohydrate is of photosynthetic origin, if it 
is used to consume oxygen then the stoichiometric 
conversion of exogenously supplied acetate to hydrogen is 
simply a chemical conversion, not the desired harvesting of 
light to chemical energy: 
 
CH3COOH + O2 ! 2CO2 + 2H2    
 
There is another potential source for the electrons used in 
hydrogen production apart from water splitting, namely 
carbon-based reductants within the cell which represent the 
stored biomass and which, if the algae have been grown 
photoautotrophically, represent already fixed carbon.  The 
oxygen produced during the fixation of CO2 has already been 
lost and hence the oxidation of these substrates avoids 
producing further oxygen during hydrogen production.  
Therefore such an approach enables the temporal removal of 
oxygen prior to the generation of hydrogen, with 
carbohydrate as the intermediate.  Lehr et al. [69] utilised 
this autotrophic growth approach with a high-hydrogen 
producing strain of C. reinhardtii and generated ~650mL H2 
per g dry biomass, following autotrophic growth.  We 
estimate that this corresponds to ~1.1g H2 m-2 day-1 for a 
bioreactor using this (currently non-optimised) process. 
The relative importance of PSII-mediated water splitting vs 
the oxidation of biomass has been a subject of debate in the 
literature over the last decade.  Clearly the photosynthetic 
systems are flexible in their use of substrates, but in general, 
it appears that most electrons used in high hydrogen-
producing strains do in fact derive from water splitting [70]. 
Of course it can be argued that as long as autotrophic growth 
of the algal biomass fixes the carbon which is subsequently 
oxidised to produce hydrogen, then the hydrogen produced is 
renewable.  The counter to this is that autotrophically fixed 
carbon already represents embodied solar energy and might 
be used most efficiently as a fuel in its existing state, rather 
than being converted by a relatively inefficient process to 
hydrogen gas and CO2.  The relative advantages of these two 
alternative approaches to renewable hydrogen therefore 
remain undecided. 
Furthermore, it is clear that the yield of hydrogen from 
autotrophically grown Chlamydomonas is significantly less 
efficient than that from the equivalent biomass generated 
from mixotrophic growth on acetate [69].  This illustrates 
that the metabolic state of cells grown under these two 
conditions are not equivalent.  Although the anaerobiosis 
which results from S deprivation is attributed to a reduced 
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ability to repair the D1 protein of PSII, it should be borne in 
mind that S deprivation is a stress response involving 
hundreds of genes and a reconfiguration of central 
metabolism.  It is therefore not reasonable to assume that D1 
repair is the only factor regulating the anaerobiotic state in S 
deprived Chlamydomonas, and considerable research will be 
required to fully understand the implications of metabolic 
deprivation in algae especially Fe-, N- and S- deprivation. 
Finally, as the ultimate aim of biohydrogen production is to 
use water, and not fixed carbon, as an electron donor, 
limiting PSII activity actually runs counter to the goal of 
maximising hydrogen-producing electron transport. 
Some of these issues may result from the choice of 
organism.  Chlamydomonas reinhardtii was not selected as a 
model organism primarily because of its ability to produce 
hydrogen, but for ease of culture, mixotrophy and its mating 
properties which facilitated genetics, especially for the 
generation of viable photosynthetic mutants.  Cyanobacteria 
and other algal species are also under investigation for 
photobiological hydrogen production, and may avoid some 
of the complex physiology encountered with 
Chlamydomonas.  However, the central role of oxygen in 
photobiological hydrogen production also remains for other 
species and cannot be easily avoided. 
Alternative ways to consume the oxygen have been 
suggested, either via the S deprivation response or via other, 
engineered pathways such as pyruvate oxidation.  Chemical 
agents [71], physical processes such as gas sparging [72] and 
microbial oxygen consumption have all been suggested.  
However for biofuel production, approaches such as these, 
which simply displace the oxygen burden onto some other 
electron donor, are less preferable.  While such systems can 
be truly renewable and photosynthetic, great care is needed 
to avoid hidden sources of fossil fuel-derived inputs and 
correctly account for system efficiency. 
2.9. Are oxygen-tolerant hydrogenases practical? 
An obvious solution is to develop an oxygen-insensitive 
hydrogenase.  In practice this is neither straightforward to 
identify or engineer [73], nor is it necessarily a panacea.  
First, it is likely that under anaerobic conditions the entire 
regulation of the photosynthetic electron transport chain will 
be altered.  It therefore remains to be demonstrated – though 
it clearly remains a possibility – that the simple inclusion of 
an oxygen-tolerant hydrogenase (should it be possible to 
create one) will be sufficient to direct continuous hydrogen 
production in the presence of oxygen in vivo.   
The relatively oxygen-tolerant Ni-Fe hydrogenases are 
primarily effective for H2 oxidation and employ a quite 
different catalytic mechanism than the uniformly oxygen-
sensitive Fe-Fe hydrogenases.  Recent work [74] has 
discovered the basis for the destruction of the catalytic centre 
of Fe-Fe hydrogenases by oxygen and the challenges 
involved in preventing this.  It is therefore not yet known if 
this approach will prove feasible. 
2.10. Oxygen removal as a strategy 
A third approach to dealing with oxygen is to sequester or 
channel it away from the hydrogenase.  The use of oxygen-
binding leghemoglobins has been explored [75]. As such 
proteins will rapidly become oxygen-saturated, they can only 
provide limited assistance at very low oxygen concentrations 
unless a way can be found to use them as shuttles to remove 
oxygen from the cell altogether.  Almost certainly this will 
involve oxygen carriers in the culture, external to the algal 
cell, which can be used to harvest oxygen.  Gas separation, 
including the safe separation of hydrogen and oxygen, is 
well understood and widely practiced in the chemical 
industry, utilising physical processes such as pressure swing 
adsorption, and metal or ceramic selective membranes for 
the collection and separation of hydrogen and oxygen [76, 
77].  In particular, engineering research consortia are already 
devoted to driving down the energetic and financial costs of 
hydrogen and oxygen separation [78]. 
Such a system is analogous to the circulatory system and 
lungs of animals which must draw in and distribute oxygen, 
while collecting and removing CO2.  The requirements of 
gas exchange and the importance of surface area to volume 
ratio are well understood in metazoan biology and imply that 
gas exchange as well as light is probably a limiting factor for 
algal biohydrogen production, a consideration which argues 
for the importance of thin film algal systems.   
There is no doubt that even with a successful gas exchange 
system, an oxygen tolerant hydrogenase would still be 
useful, as would be the ability to rapidly repair damaged 
HydA, perhaps by utilising its existing accessory proteins 
[49, 79].   
2.11. Cell viability during hydrogen production 
 A further obstacle to efficient hydrogen production is the 
effect of its production on the physiology of the cell.  It is 
clear that the normal S deprivation protocol results in 
extensive cell damage and death of the culture well before 
the available substrate (whether external acetate or internal 
carbohydrate) is wholly consumed.  On the other hand, the 
periodic restoration of S results in recovery of the cells from 
damage and indefinite cycles of H2 production can be carried 
out (albeit with the supply of acetate in a mixotrophic growth 
situation) [69, 80, 81].  The energetic viability of the process 
therefore rests on whether considerably more light can be 
captured and converted to hydrogen (photocatalysis) than 
would have been needed for the maintenance of the biomass.  
If this is not the case, the production of hydrogen robs the 
cell of photons needed for photoautotrophic growth and cell 
maintenance.  Fortunately, autotrophic algal growth is more 
often limited by the availability of CO2 than photons; 
however, apart from the need for non-hydrogen producing 
recovery times, the impact of culture maintenance energy 
requirements on system energy balance under 
photoautotrophic conditions do not appear to have been 
modelled. 
2.12. Key lessons 
 Fifteen years of research into photobiological hydrogen 
has produced several lessons which have thrown into stark 
relief the pros and cons of this technology. 
First, it has long been known that only around 10-13% of the 
photon energy impinging on an algal culture can be 
converted into chemical energy even under the best 
circumstances.  It is arguable whether system engineering 
could significantly improve this figure, for example by 
extending the range of wavelengths captured.  What has 
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become clear is that estimates of quickly raising efficiencies 
from the 1-2% experienced with wild type organisms were 
overly optimistic.  In practice the highest efficiencies 
recorded to date are still less than 4% [82].  Intrinsic losses 
of energy occur at many places and not just at the electron 
transport chain, while limitations in bioreactor design and 
our understanding of photosynthetic photoregulation means 
that most absorbed photons are ultimately converted to heat 
in the solution.  Of course the challenges of efficient light 
absorption and utilisation are common to all algal 
photosynthetic techniques.   
Since the prospects for engineering the other parts of the 
system appear reasonably good, we believe the 
demonstration of a viable means of solving the oxygen 
problem would dramatically alter the overall prospects for 
photosynthetic biohydrogen.  However, in practical terms, 
the use of autotrophic growth followed by hydrogen 
generation is still a viable, if less efficient, approach to 
renewable hydrogen than direct photolysis of water.   
Finally, it is expected that genome engineeering tools will be 
the key enabling technology for the rapid advancement of 
knowledge in this area. 
This brief summary of the key research questions 
surrounding algal photosynthetic physiology illustrates that, 
while the oxygen challenge remains unsolved, considerable 
progress has been made since the late 1990s.  The next 
hurdle is to examine whether this cellular physiology can be 
controlled at the scaled up level of actual algal cultures in 
real-world bioreactors, and then whether such systems have a 
place in algal biotechnology systems.  This poses an entirely 
different set of challenges. 
3.0. LOOKING FORWARD 
 Assuming that the basic biochemical problems with 
photocatalytic hydrogen can be solved, what else is required 
for this technology to move from the research or pilot scale 
to an economically viable net-energy-generating technology?  
In our view, while a simple approach to overcoming oxygen 
toxicity would be an important step towards efficient 
photobiological hydrogen systems, it would still only be one 
step (albeit a key one) in a complex process of evolving 
technology.  The following sections offer a view of the 
necessary development of a host of ancillary technologies 
that support and make possible algal biohydrogen as a real 
world energy-generating process. 
3.1. The need for deep biology 
 The disentangling of the mechanism of photosynthesis 
over the last 50 years has been one of the triumphs of 
modern science, but our understanding of the cell biology 
and gene regulation of cyanobacterial, algal and plant cells 
remains relatively shallow.  The regulation of photosynthesis 
in the context of plant cell survival in the real world has 
evolved over the same timescale as metazoan evolution.  
Since metazoan cell biology is the focus of a large part of 
modern medical research (a much bigger field than the study 
of photosynthesis) it can be assumed that much remains to be 
learned in terms of photosynthetic biology.  Compared to our 
understanding of mammalian cell biology, relatively little is 
known of the biology of algae with respect to such central 
topics as the circadian control of gene regulation [83-85], 
transcriptional responses to nutrient deprivation [86-88], 
mechanisms and pathways of programmed cell death, 
decision control in terms of metabolic fate and cell division 
[43, 89], defensive mechanisms employed by algae in natural 
ecosystems, nuclear and chloroplast recombination 
mechanisms and the notoriously tight repression of transgene 
expression in algae which is probably attributable to 
defences against bacterial and especially viral pathogens.   
It should be apparent that most of our understanding of 
hydrogen generation in green algae is focused on the 
immediate physiological regulation of the electron transport 
chain, a process which is regulated within a time regime of 
picoseconds to minutes (summarised by Antal et al. [90]).  
Yet the process of hydrogen generation takes place over 
many hours or days, a period of time in which whole-cell 
adaption, especially transcriptional regulation as well as cell 
selection are relevant.  Some studies [42, 72, 91-93] are 
starting to look at large scale transcriptomic changes in 
Chlamydomonas and other algae but there is far to go before 
algal gene regulation is properly understood, even in outline. 
Attempts to engineer natural systems in the face of this state 
of ignorance are haphazard and fraught with difficulties.  
Since much algal research is applied research, the discovery 
of normal algal cell biology often proceeds in a random and 
accidental manner.  Systematic approaches towards a deep 
understanding of algal cell biology are needed to lay bare 
systems that will benefit the entire research community, 
benefit plant science as a whole and greatly enhance our 
ability to envisage, engineer and analyse applied projects.  
These will necessarily include "omic" technologies for 
speeding the discovery of the potential locked within algal 
physiology [94] but critically, will also require detailed case 
studies of specific biological processes.  Ultimately it should 
be possible to completely redesign the electron transport 
chain for specific purposes, making current engineering 
attempts simply the first primitive and tentative forays into 
this complex territory. 
3.2. The need for deep engineering 
 The construction of bioreactor systems requires obvious 
engineering, as represented by the reactor containers, 
sensing, monitoring and automation equipment and related 
support services.  Recent pilot studies have begun to 
examine the challenges of engineering outdoor, large-scale 
algal cultivation including biohydrogen production [95] with 
the engineering technology being mainly off-the-shelf, 
derived from standard "pumps and pipes".  Less obvious is 
the need for "deep engineering", namely the creation of 
sophisticated physical and biological tools which act as 
enablers for future engineering efforts.  It is likely that this 
degree of sophistication will be necessary for the 
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development of commercial algal biotechnology systems 
because of its potential to minimise both embodied energy 
represented by physical infrastructure and energy usage 
represented by the power needed to run physical hardware.  
Engineering is expensive.  An algal system which has 10% 
of the photon conversion efficiency (PCE; from photon 
capture through to chemical storage) of an equivalent 
photovoltaic system is on par with the PV system only if its 
cost is also one tenth or less.  The challenge for algal 
systems is that attempts to improve PCE may drive up 
engineering costs.  Since a significant advantage of algae is 
that they comprise a self-replicating, self-regulated system, it 
makes sense to move as many sophisticated functions 
"onboard" the cell as possible, to reduce the need for 
expensive external ("hard" engineered) systems. 
Figure 2: SOCI ("Simple Outside; Complex Inside") model for self-regulating 
photobioreactors.  A: SOCI bioreactors tap into pre-existing biological sensors of 
environmental state variables, feeding key information directly to the local bioreactors 
via chemical or physical sensors built into the bioreactor structure.  These cellular 
"molecular diagnostics" eliminate the need for some or all conventional external 
sensors (e.g. pH, oxygen electrodes) while advanced material technologies replace 
some or all conventional effectors (e.g. acid/base addition via solenoid valves and 
pumps).  Feedback regulation of environmental stresses is managed via smart material-
based reservoirs such as controlled release of antibiotics or micronutrients.  B: SOCI 
bioreactors deliver local programs of signalling to cells via molecular integration (ion 
channels, transcription factor signalling cascades, genetic response elements and 
reporters) which result in external control of the cellular behavioural repertoire to suit 
the needs of bioprocess control, including switching on HVP production, initiating 
controlled flocculation for harvesting, phototaxis and regulation of light harvesting 
complex levels and behaviour. 
3.3. Biological sensors are a key opportunity 
 Sophisticated bioreactors currently rely upon physical and 
electronic support systems to carry out nutrient supply, 
mixing, harvesting, sensing and monitoring functions, light 
management and tracking population dynamics, including 
predator control.  These are physical analogues of biological 
mechanisms evolved by organisms, which are amenable to 
adaption via genetic modification [96, 97].  The challenge is 
to interface biological sensors with bioreactor data collection 
and control systems so that the majority of the sophistication 
resides in the cell rather than in the physical system.  Such 
systems would appear very simple to the external eye, but 
immensely complex engineering is incorporated internally 
and is reproduced every time a cell divides (Fig. 2). Such 
improvements would be widely applicable not just to 
biohydrogen, but to any large scale algal system and even to 
agriculture.  Therefore, while most GM efforts have been 
focused on improving hydrogen yields from the electron 
transport chain, we suggest that substantial gains are also 
available by engineering algae which substitute hard-wired 
engineering functions with biological equivalents.   A few 
examples are provided below: 
3.3.1. Sensing functions coupled to feedback control 
 Like all organisms, algae are equipped with sensors to 
measure important parameters in the environment including 
pH, temperature, ionic strength, dissolved gases, nutrients 
and the presence of other organisms.  These sensors are 
integrated with cellular response mechanisms and are not, 
without engineering, readily interpretable by human devices.  
Synthetic biology provides the ability to intercept these 
signals and convert them to simple machine-readable signals 
(e.g. fluorescence, colour).  At present aimed mainly at 
medical applications, these systems would also be 
advantageous for the feedback control of algal systems.  
Similarly, new generations of miniaturised physical sensors 
increasingly rely upon engineered biological molecules (e.g. 
glucose oxidase, proteases) for specificity of signalling [98].  
This proposed interface between the cell and the bioreactor 
has the potential to greatly simplify the automation of 
bioreactor function and greatly reduce the costs of 
fabrication and operation.  Only a tiny proportion of cells in 
a population actually need to act as reporters and the ability 
to multiplex signals means that a single detection system 
(e.g. a simple photosensor) can interface with a large range 
of biological outputs to control, for example, the supply of 
key nutrients, oxygen removal, pH and temperature control 
and the detection of numerous sentinel events such as the 
presence of predators and light stress. 
3.3.2. Intelligent flocculation 
 Self-induced flocculation is a common response of single 
celled organisms to protozoan predators as it reduces the 
ability for predators to ingest the target cells.  The ability to 
intercept the normal cellular signals which induce 
flocculation and substitute external controls means that 
flocculation (and thus harvesting of biomass) can be 
controlled at will [99].  This is an example of the control of 
algal behaviour which is possible once the necessary genetic 
codes are unlocked. 
3.3.3. Crop protection 
 As with herbicide treatment of conventional crops, the 
inclusion of engineered resistance in algae provides the 
opportunity to treat a contaminated culture to kill pathogens, 
predators and competitors.  This might comprise specific 
antibiotic or herbicide resistance but could also relate to the 
ability of algae to survive extremes of pH or particular 
general stresses such as cold temperatures, high salt or 
ammonium concentrations.  There is also the opportunity to 
source natural chemical weaponry and defence mechanisms 
from other organisms and transfer them to algae to combat 
predators in an inducible fashion.   
3.3.4.Control of cell division 
 Algal cell division is highly regulated and timed to 
respond to biological imperatives such as nutrient load, 
growth rate, cell size and circadian rhythm.  Cell division 
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prospect that the timing of cell division can be externally 
controlled. The prevention of cell division typically leads to 
the growth of large cells which accumulate carbon, while 
induced cell division leads to the generation of large 
numbers of small cells.  While the implications of such 
control for biohydrogen production is not known, it is likely 
that this ability will be useful for external regulation of algal 
populations in bioreactors. 
3.3.5.	Scaffolding behaviour 
 At present, most bioreactors contain homogenously 
mixed algal populations.  This dynamically variable 
environment causes problems for algal gene regulation, 
reduces biomass yield, requires the input of mixing energy 
and can be a problem for gas exchange.  However, several 
systems have been described which utilise immobilised algal 
cells (e.g. by Antal et al. [100]).  The possibility of 
selectively controlling algal interactions with scaffolds 
means that in future, bioreactors may hold algal populations 
in defined 3D configurations that enable the organism to 
adapt its biology to its individual situation, while also 
providing the possibility of controlled gas and nutrient 
exchange through the scaffold material which could, for 
example, obviate the problem of oxygen generation during 
photobiological hydrogen production. 
3.3.6.	Technological synergy 
 Such sensor-effector systems operate at the interface 
between biology and engineering and are applicable to a 
wide range of biological systems [101, 102].  Consequently 
it is likely that most such systems will be brought into algal 
biotechnology after having been developed and tested in 
other fields, especially medical research.  While a large body 
of literature exists and the scope of such applications can 
only be touched upon here, the point is that these will change 
the economic landscape for closed bioreactor systems, make 
feasible many applications of algal biotechnology that are 
currently out of reach, and rewrite the energy balance and 
economic equations for biohydrogen. 
Simultaneously, the rapidly expanding fields of 
microfluidics, nanotechnology and materials science will 
bring low cost, tailored and miniaturised tools capable of 
interacting with the engineered cellular systems described 
above (Fig. 2).  The synergism that results between these two 
approaches may provide solutions to the key problems of 
algal photobiological hydrogen production.  Despite the need 
for further research on algal electron transport, a focus 
purely on photosynthetic physiology may neglect key 
enabling approaches to commercialising algal biohydrogen 
systems. 
 
3.4. Algal biotechnology production platforms as 
enabling pathways for hydrogen fuels 
 Fuels are high volume, low value commodity products.  
New biotechnologies need to start at the upper end of the 
value chain where profitability rather than sustainability 
enables commercial viability.  In theory, increasing 
efficiencies reduce the cost barriers to manufacturing less 
and less intrinsically valuable products at greater and greater 
scale.  In the case of algal biotechnology, the upper end of 
the value chain is referred to as "high value products" (HVP) 
or sometimes "co-products".  This approach can be 
criticised, since it is unlikely that a system optimised for 
HVP will be optimised for, or even remotely resembling a 
system suitable for fuel production.  What, then will shift the 
system away from profitable HVPs and towards unprofitable 
fuels without a suitable incentive?   
In fact there are good reasons for employing this strategy.  
First, any sizeable industry requires the development of a 
vast suite of supportive technologies.  This progress is only 
possible for already profitable applications  These supportive 
technologies - assuming they are more widely applicable - 
are then responsible for driving down the costs for the less 
immediately profitable applications.  Second, highly 
profitable HVP applications are typically low volume and 
markets readily saturate.  This drives a search for additional 
applications (new markets) using similar technology and 
especially those with greater scale, as more players enter the 
market.  Finally, the development of an industry is not the 
same as the development of a company.  The industry focus 
will change and grow even if the individual companies that 
comprise it remain completely centred on their original 
products.  Consequently, the development of an industry 
focused upon HVPs can be predicted to lead to cheaper 
biofuels as long as there is a benefit to biofuel production of 
the tools used to make HVP production more profitable.  
Since many of the problems of the industry are related to 
algal life cycle and physiology, this seems likely. 
3.4.1 Co-products for hydrogen systems 
In the case of photobiological hydrogen production, co-
products include specialty chemicals, especially volatiles 
which can be harvested by the same route as hydrogen.  
These may comprise specialty colourings, flavourings and 
scents, biologically active compounds for therapeutic uses, 
or medium value industrial chemicals used for further 
synthesis [103].  Eventually they may include specialty 
combustibles for niche applications and finally simple 
molecules such as hydrogen.  Recombinant engineering of 
algae of both nuclear and chloroplast genomes has also 
demonstrated the advantages of algal production of industrial 
and therapeutic proteins including antibodies and vaccines 
[104].  Scalability, low cost, absence of intrinsic toxicity and 
potential for oral vaccination are all attractive features of 
algal recombinant technology [105]. 
Since such HVP strategies benefit the entire field of algal 
biotechnology and not just biohydrogen, a detailed 
discussion is not provided here. Scranton et al. [105] have 
examined in detail the potential for algal biotechnology as a 
production platform for high value products.  Our purpose is 
simply to note the importance of these efforts as aids to, 
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rather than competitors of, photobiological hydrogen.  In 
brief, both recombinant protein products and the ability to 
generate specialty chemicals via metabolic engineering 
provide opportunities for the gains needed to set the algal 
biotechnology industry firmly on its feet. 
3.4.2 Biorefinery systems 
An often cited concept is that of the biorefinery, whereby 
multiple product streams emerge from a single feedstock or 
crop [39].  In such a system hydrogen could be a minor but 
valuable product which would add to or offset some aspect 
of the overall system.  In such a role, photobiological 
hydrogen would be one part of a complex production system 
and would not have to bear the primary responsibility for the 
profitability of the enterprise.  Such systems spread risk over 
a series of products, though it remains to be seen whether 
they are viable in practice, since it may indeed be that only 
one or two aspects of a production system are profitable and 
the rest simply adds unnecessary complexity. 
4.0. DESIGN CHALLENGES FOR PHOTO-
SYNTHETIC BIOHYDROGEN SYSTEMS 
 Many challenges in the scale up of photobiological 
hydrogen systems are shared with other scaled up algal 
systems.  This has the advantage of drawing on a much 
wider research community to provide technical solutions.  It 
is taken for granted that hydrogen gas produced by 
biohydrogen systems will need to be collected efficiently, 
and that consequently these systems will utilise closed 
bioreactor systems.  The problem of bioreactor engineering 
is a thorny one, requiring the simultaneous consideration and 
optimisation of multiple variables [61, 106].  Examples of 
these are discussed below. 
4.1. Bioreactor design 
 Central to all autotrophic algae technologies, bioreactor 
design for hydrogen production requires maximising the 
interdependent design variables such as light dilution, 
surface area to volume ratio, orientation, mixing, cleaning 
and medium circulation.  Research into and modelling of 
algae photobioreactors extends back to the 1960s and much 
has been published in this area by many excellent research 
groups.  Most of this work, however, has focused on biomass 
accumulation rather than the specific problems of hydrogen 
production.  This biological aspect is important; in the 
conventional S deprivation approach, for example, the 
relationship between light intensity, chlorophyll 
concentration, sulphur concentration and the way these 
evolve over time is complex.  Simulations and experimental 
testing of hydrogen production in bioreactors have been 
limited to date, but are the subject of ongoing study [15, 80, 
95, 106-115].  To date a relatively few, simple bioreactor 
designs have been employed in outdoor systems, largely 
because of the cost and effort required to prototype them and 
the lack of tools for evaluating designs in silico, which 
require the accurate simulation of dynamic biological 
responses of different algal species to the changing 
conditions within the bioreactor.  Simulation of algal growth 
within these reactors has been extensive, although the 
emphasis has been heavily on lab scale indoor reactors.  
Outdoor systems [95, 109, 112, 115] are much less explored 
due to their increased complexity and cost.  The danger with 
indoor studies is that the search space is inadvertantly kept 
small by virtue of being tightly controlled, and genuine 
problems inevitably faced during scale up are not engaged 
with, which is in effect a form of procrastination.   
Leaving aside open ponds, which are not generally suitable 
for hydrogen collection, the main bioreactor designs for 
outdoor systems are (1) flat panel reactors in a variety of 
forms (hanging bags, Roux bottles, fence-panel reactors, 
perspex sheet thin panels, or shaped panels for inducing 
mixing) (2) straight or helical tubular reactors; or (3) 
cylindrical reactors, either simple or annular.  None of these 
designs are even slightly sophisticated in comparison to what 
could be manufactured using current technology.  However, 
improved designs are difficult to achieve without an 
understanding of the key biological requirements and the 
simulation tools and monitoring technology to assist with 
advanced shape formulation.  For example, light dilution is a 
major design consideration and can be improved not only by 
shape, material and orientation but by other techniques such 
as light scattering and transmission within the growth 
medium, for example by using smart materials [116] or 
suspended particles [114], or by varying the spectral mix 
[117].  Considerations of culture mixing and the effects of 
this on illumination and biology have yet to be mastered [61, 
118-120].  Bioreactor design also requires a focus on 
construction costs which are a major determinant of the 
profitability of the final system.  New fabrication techniques 
are revolutionising materials science and can be expected to 
have an impact on bioreactor design, if the necessary guiding 
principles are well understood, which is not the case at 
present. 
4.1.1. Biomass generation 
 Hydrogen production requires an optimal biomass in an 
optimal metabolic state prior to initiation of hydrogen 
production phase.  This field is too complex to review here; 
suffice to say that considerable work remains to define what 
this optimal state is, and how to maintain it for the long 
periods of time required for ongoing hydrogen production. 
4.1.2. Gas exchange 
 Hydrogen production systems require simultaneous 
attention to CO2 injection, O2 removal and H2 collection.  
Finding the most inexpensive and efficient ways to separate 
and manage these gases is an ongoing engineering challenge, 
especially given the explosive potential of hydrogen-oxygen 
mixtures and the permeability of many materials to 
hydrogen. 
4.1.3. Storage 
 Standard techniques for the compression and storage of 
hydrogen are energy intensive and expensive.  Advances in 
the design of inorganic and metal-organic materials to 
effectively and safely store hydrogen at low pressure [77] 
suggest that this will not always be an insurmountable 
problem, but it is uncertain when such improved storage 
matrices will be available.  One option may to use unmanned 
airships to store and transport hydrogen; these are low-
pressure, reusable and would pose little danger in remote 
areas. 
4.2. The requirement for effective simulation tools 
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 The engineering issues outlined above make it clear that 
a vast design space exists which is impossible to examine 
using prototype systems, valuable as they are for identifying 
important practical issues.  There is an urgent need for tools 
to reliably simulate both the performance of bioreactor 
designs and the ways that these could be implemented as 
systems in the real world.  Such simulations are quite 
separate from Life Cycle Analysis (LCA) [3, 121] and 
Techno-Economic Analyses (TEA) which are primarily 
concerned with evaluating the performance of a specific 
given system [2, 121, 122].  Rather, the need is for design 
tools that can rapidly evaluate entire suites of designs in a 
given location using captured environmental data, with key 
parameters for a set of well-characterised algal strains, to 
search for novel design features and configurations which 
are robust, high performance and economical.  This 
exploration of design space will provide a firm, quantitative 
basis for building prototypes with expected performance 
attributes to test.  Only those prototypes that proved effective 
in practice would go on to be subject to full LCA and TEA 
as prospective commercial systems.   
Such simulations are non-trivial.  Growth of algae in the 
laboratory under relatively stable conditions is well 
described by the Droop equation [123] and recent 
modifications based on a similar approach such as 
optimisation algorithms [124-127].  Simulation of large scale 
algal growth in ecological settings has also been performed, 
for example through the work of Flynn and Raven [128].  It 
is not feasible here to summarise the large amount of work 
performed in this area of modelling bioreactor design and 
performance.  However, precise, quantitative growth in 
extremely dense cultures under highly variable outdoor 
conditions is a quite different challenge.  Unexpected effects 
may occur whereby both short and long term responses 
produce unexpected results, including feedback effects 
(viscosity, shear stress, gas exchange, temperature loads) on 
the physics of the bioreactor.  In addition, the metabolic 
limitations imposed by sulphur uptake, continuation or 
cessation of biomass accumulation, depletion of oxygen and 
accumulating losses of cell viability must also be modelled, 
adding complexity [61, 63, 69, 80, 107].  Nonetheless, 
despite the complexity, it is likely that accurate modelling of 
algal performance in outdoor bioreactors is within reach in 
the next decade. 
Because the physical theory of radiation and matter is well 
understood, it is possible to model most physical effects 
(heat, light, shear forces) with high accuracy, the main 
exception being fluid flow which can be complex.  The 
necessary radiative transfer equations for light absorption 
and scattering are well described in the literature and 
attempts have been made to simulate the fluid dynamics of 
algal cells [108], to model the resultant light fluctuation 
regimes.  In contrast, because the biological responses of 
algae in complex dynamic environments are not as well 
understood, it is likely that considerable research into this 
aspect of bioreactors will be required before simulation 
accuracy is good enough for quantitative prediction of the 
performance of a variety of reactor shapes under real world 
conditions.  Furthermore, differences in biological 
characteristics between species will result in different 
behaviour; nonetheless it is assumed that the underlying 
biological mechanisms between species are sufficiently 
similar that they will enable relatively simple adaption of 
simulation algorithms between different species based on a 
few key parameters. 
However, the reward of accurate, validated simulation 
software would be the ability to rapidly explore dramatically 
different designs from the conventional flat panel, tubular, 
annular and raceway designs which dominate the field, and 
assess which are likely to perform well for a given cost 
complexity.  Modern manufacturing techniques make 
possible the inexpensive fabrication of virtually any shape, 
including fittings for sensors and actuators, which means that 
large scale rollout of bioreactors can be very inexpensive as 
long as the performance can be correctly predicted. 
4.3. The requirement for complex integrated systems 
 Even when photobiological hydrogen production is 
scaled up and integrated with the production of 
commercially valuable co-products in a biorefinery model, 
opportunities remain for improvements in efficiency by 
hybridising these systems with other biological systems as 
well as with non-biological renewable energy technologies.  
The possibility of integrating microbial processes 
complementary to algal biohydrogen production has been 
demonstrated by work incorporating bacteria, for example, 
where the co-culture of bacteria capable of consuming 
oxygen helps establish anoxic conditions for H2 production. 
The second opportunity arises from the fact that PAR 
comprises only ~43% of solar irradiance, so even with 
perfect utilisation of PAR by an algal system, ~57% of solar 
irradiance goes to waste (or worse, produces heat and UV 
damage).  At the same time, algal systems inevitably require 
work, especially pumping, gas transfer and compression, and 
electricity.  These loads are immediate and many of them are 
continuous.  Rather than cannibalising the chemical energy 
produced by the algal system, these loads present 
opportunities for synergies with other renewable 
technologies which excel in producing electricity or 
mechanical force, for example solar PV and wind.  While 
this is widely appreciated by the field, few attempts appear 
to have actually been made to achieve a deep integration of 
algal systems with other renewable technologies. 
In particular, organic photovoltaic technology enables the 
production of solar cells which transmit PAR while 
harvesting non-PAR irradiance.  Solar PV-driven LED 
lighting is probably an inefficient way to provide normal 
light for bioreactors but it is conceivable that LEDs have a 
role to play; for example the provision of low levels of LED 
lighting during the night may minimise biomass loss due to 
respiratory losses.  It remains to be seen how algal biology 
can best be tuned to the availability of other renewable 
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energy technologies on-site, but the opportunity to harvest a 
greater fraction of the available solar irradiance is worth 
investigating.   
Such highly complex integrated systems are well outside the 
scope of what a research group can investigate 
experimentally and can only evolve once the basic 
technological units are in place and well understood.  Once 
this level of integration is possible, it offers economies of 
scale which will be of great importance for improving both 
the efficiency and economic viability of algal systems.  It is 
because of these unrealised opportunities that LCA and TEA 
should not be applied to judge the viability of 
photobiological hydrogen systems of the future, based on the 
relatively small scale simplistic systems that represent the 
current state of the art.  Rather, such analyses should be used 
to identify the key areas of inefficiency to direct further 
development. 
4.4. Prospects for semisynthetic systems  
 Completely synthetic photosynthesis using inorganic 
substrates is making impressive progress.  Nonetheless, it is 
not clear whether or when such techniques will become 
common or commercially viable, nor whether they will scale 
to the level needed to make an impact on global fuel 
supplies.  In contrast, an extension into the engineering space 
of the cellular systems for photobiological hydrogen 
production, semi-synthetic photo-biohydrogen technology 
utilises algae to produce cellular photosynthetic machinery 
for hydrogen production which is then extracted and used in 
semi-artificial systems [46, 129-133].  There is evidence that 
isolated photosystems can be fabricated to be stable for long 
periods [134].  Similarly, despite being oxygen sensitive, 
hydrogenase is a thermally stable enzyme which has real 
prospects of being incorporated into long lasting devices. 
Since hydrogen production does not, in principle, require a 
fully functioning electron transport chain, there is reason to 
believe that engineering algae as a source of biomolecules 
for extraction and utilisation in artificial hybrid systems may 
be an efficient approach, the alga providing the testing 
ground and the factory rather than the product.  
Semisynthetic systems typically rely upon at least one of two 
key natural components; a photosystem and a hydrogenase.  
In the case where hydrogenases alone are used, the 
photosystems are replaced by organic dyes which are used to 
excite electrons to be fed to the hydrogenase [135].  
Alternatively, a photosystem, typically PSI, is used to raise 
electrons from a donor or electrode [136] to an excited state 
which, while amenable to use in a variety of ways, can be 
coupled to a hydrogenase for H2 generation (e.g. Wittenberg 
et al. [137]; for reviews see [138-141]).  While semisynthetic 
systems are the province of the material sciences, the use of 
biological macromolecules means there is a substantial area 
of research overlap and common tools and techniques with 
purely photobiological hydrogen production. 
5.0. RESEARCH AND ENGINEERING OUTLOOK 
 "We always overestimate the change that will occur in 
the next two years and underestimate the change that will 
occur in the next ten. Don't let yourself be lulled into 
inaction." - Bill Gates 
Accurate prediction of the future of algal biotechnology is 
not possible.  However, attempts to imagine the future, and 
case studies of past predictions are worthwhile if they 
provide a useful reminder that real world applications 
inevitably evolve in complex and unexpected directions, 
frequently involving unexpected integration with apparently 
unrelated systems or technologies.   
Thus, for example, when mobile telephones first originated 
in the 1970s as "carphones" and "suitcase phones" they were 
viewed as expensive toys for which there was no real 
practical need.  Later, they were seen as practical tools but 
only in a limited context.  While it could perhaps have been 
predicted in 1985 that mobile telephones would be 
ubiquitous by 2015, it is unlikely that such predictions could 
have foreseen the many uses to which they are put today, nor 
the central importance of the internet to this ubiquity. 
We therefore ask very tentatively what might a successful 
algal photobiological hydrogen production system look like 
in 30 years time?  
More than any other renewable energy technology, 
photobiological hydrogen will depend on high technology, 
especially genetic engineering but also microfluidics and 
microelectronics and diagnostics to drive down costs and 
improve efficiencies.  It is therefore anticipated that much of 
the complexity of such systems will be hidden, and actual 
bioreactors may look relatively simple in physical terms.    
If successfully implemented, it is likely that several different 
H2 production systems will exist.  In some, H2 production 
will be embedded in other processes and used for energy 
recovery within the system.  Such processes could be highly 
automated and virtually no human input would be required.  
Predictive modelling can monitor the processes to detect 
variations between the modelled and actual production 
values.  In such systems, hydrogen may be produced and 
consumed on-site, for chemical synthesis rather than 
combustion.  Mass produced strong but lightweight 
bioreactors will likely contain embedded smart materials 
which read signals from the algae themselves to control the 
operation of the bioreactors.  Across different bioreactors, 
chemical or electrical signals may direct algae to synthesise 
one product or another.  The use of small remote sensors is 
expected, but the majority of system control may occur 
locally, obviating the need for centralised control systems.  
Solar PV layers on the bioreactors will harvest non-PAR 
radiation, helping cool them and providing energy for 
pumping liquids and gases.  Biomass, harvested through 
controlled bioflocculation, can be collected for the extraction 
of high value products while medium value products include 
a range of relatively pure, specific chemicals tailored to 
industrial, agricultural and medical applications.  Residual 
extracted biomass is expected to be processed by microbial 
digestors to recover nutrients for recycling.   
In other applications, systems may be devoted purely to 
biofuel production, with hydrogen as one of the major 
products, the others being ethanol and other volatiles 
including isoprene and terpenoids.  If an EROEI ~6:1 
(ideally closer to 10:1) can be achieved, the carbon 
emissions can be kept close to zero by the solar thermal 
conversion of residual biomass to biochar.  While profit 
margins might be slim, the volume of fuels traded and the 
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minimal running costs (due to automation) would make the 
overall enterprise profitable.  Systems which incorporate 
semi-synthetic approaches could either grow the strata for 
the artificial systems in situ in the algal cell, or grow them as 
components to be harvested and assembled later.  Deeply 
multiplexed sets of processes including organic PV systems 
and nanotechnology could utilise cyanobacteria engineered 
to inducibly express the components of sophisticated self-
assembling nanomachines (based on PSII) which actually 
produce the hydrogen.   
A possible solution to the oxygen problem is for both oxygen 
and hydrogen to be harvested separately using selective 
membrane technology coupled with nanoparticle oxygen 
carriers that maintain anaerobiosis in solution.  Storage of 
hydrogen, an expensive part of the process, may be enabled 
by collection at relatively low pressure in ultralight airships 
which fly themselves (or are drone-ferried) via standard 
routes to local distribution centres and are deflated and 
returned in batches with other supplies.  Again, production 
would need to be self-regulated and automated, with the 
algal strains themselves providing feedback to the control 
systems.  Nutrients, especially phosphate, would be recycled, 
with additional nitrogen generated locally, for example from 
a solar thermal version of the Haber process. 
CONCLUSION 
Clearly there are many contenders for the future of 
renewable energy.  Approaches that look promising today 
may become mainstream or might come to nothing.  
Unexpected approaches may appear, while success in 
nuclear fusion could render other renewables obsolete.  
Regardless of the development pathways of renewable 
energy technologies, food requirements alone dictate that 
research into photosynthesis will remain a cornerstone of 
agriculture and biotechnology.  An important advantage of 
research into photobiological hydrogen production therefore, 
is that it simultaneously investigates the functioning and 
regulation of the photosynthetic apparatus of plants, and 
yields a knowledge benefit that can be exploited in other 
ways.  However, the fact that photosynthetic organisms are 
self-assembling machines suggests that while expensive to 
engineer, this research "front-loading" can ultimately lead to 
inexpensive systems able to be used for the production of 
commodity fuels, in the right environments.  Photosynthetic 
biohydrogen may then provide an important piece of the 
renewable energy puzzle in the decades to come. 
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